release rate; otherwise an auxillary mechanism would be unneeded, but there was little evidence until recently and Peter Sterling ‡ *Department of Neurobiology and Behavior (Rao et al., 1994; Parsons et al., 1994) ter in electron micrographs and used it to calculate an Mean vesicle diameter is 29 Ϯ 4 nm, giving 26.4 aF/ average capacitance per vesicle. We also asked whether vesicle, so the maximum evoked capacitance (150 fF the rapidly releasable pool might correspond to the pool within 200 ms) represents fusion of about 5700 vesitethered to the entire surface of all the synaptic ribbons.
Introduction can undergo rapid exocytosis and provides a clear function for the synaptic ribbon as a specialization for inSince ribbon synapses were first observed by electron creasing the pool of readily releasable synaptic vesicles. microscopy, their special function has been subject to speculation (Eccles, 1964; Burns and Augustine, 1995; De Camilli, 1995) . The ribbon synapse resembles a conResults ventional one in that both have an "active zone," i.e., a patch of presynaptic membrane where synaptic vesicles Structure cluster (dock) and where also cluster large intramem-A slice through a giant terminal ( Figure 1A) shows the brane particles, corresponding in part to voltage-sensiinitial dilation of the axon to be densely packed with tive Ca 2ϩ channels (Raviola and Gilula, 1975 ; Pumplin mitochondria. The rest of the terminal is filled evenly et al., 1981; Roberts et al., 1990; Robitaille et al., 1990) .
with small, clear synaptic vesicles (no dense core vesiApparently, docked vesicles at both types of synapse cles), plus some larger membranous structures from share a similar final common pathway to fusion. The which small vesicles appear to "bud" ( Figure 1B ). We main difference seems to be the presence of the ribbon calculate (density of vesicles within a section ϫ area in itself: vesicles tether to it by short arms (25 nm filaeach section occupied by vesicles ϫ number of secments), and the basal edge of the ribbon anchors to the tions) that the small terminal contained ‫000,084ف‬ vesipresynaptic membrane. Consequently, tethered vesicles and the large one contained ‫.000,019ف‬ cles in the rows on either side of the basal edge of
We measured vesicle diameter (mean of the inner plus the ribbon are held literally within their arm's length of outer diameter measurements) and compared vesicles docking sites (see Figure 3) . Thus, the idea developed free in the cytoplasm with those near ribbons and those early that the ribbon acts somehow as a conveyor to attached to ribbons. There was no difference. The speed vesicles to their docking sites (Bunt, 1971 ; Gray pooled measurements (n ϭ 226) showed a symmetrical and Pease, 1971) . This implies an unconventionally high distribution whose best fitting had a mean Ϯ standard deviation of 29 Ϯ 4 nm ( Figure 2 ). Since the section thickness is almost three times the mean vesicle diame- † Present address: Abteilung Membranbiophysik, Max-Planck-Institer, true diameters would rarely be underestimated due tut fü r biophysikalische Chemie, D-37077 Am Fassberg, Gö ttingen, Federal Republic of Germany.
to the major part of a vesicle being cut away. Therefore, there was no need to correct for this potential source of error. The membrane area of one vesicle is 2.6 ϫ 10 Ϫ3 m 2 , so the vesicles within a terminal occupy approximately six times the area of the plasma membrane of the terminal.
The synaptic ribbon viewed perpendicular to its face appears as a multilamellar structure, with three dense lamellae separated by two pale ones, all of similar thickness and totaling about 50 nm ( Figure 3A) . The ribbon anchors to the presynaptic membrane at a distance of about one vesicle diameter and juts into the cytoplasm for about 150 nm. This ribbon height agrees with measurements made from previously published electron micrographs of goldfish bipolar cells (Yazulla and Stud- triangularly packed with about 34 nm between centers. We calculate that each face of the ribbon tethers 5 rows of 11 vesicles per row: about 55 vesicles per face. The Within minutes, they are absorbed into the terminal proper as it assumes a roughly spherical shape. The rows along both sides of the base of the ribbon touch the presynaptic membrane. By analogy with conventional appendages contain quite a few active zones (8 in the smaller terminal, 22 in the larger one; Figure 4 ), and active zones, these would represent "docked" vesicles.
The reconstructed terminals ( Figure 4 ) appear as deit is unclear whether they remain functional when the appendages are absorbed. We assume in the followscribed by Golgi impregnation (Ishida et al., 1980; Sherry and Yazulla, 1993) and as seen in vitro after acute dissoing comparison with physiological measurements that they do. ciation (Kaneko and Tachibana, 1985; Heidelberger and Matthews, 1992) : giant bulbs, 8 m and 10 m in diame-
The small and large terminals, including appendages, contained 45 and 65 active zones, respectively, with ter, respectively, with coarse lateral appendages. These appendages are observed in vitro immediately following associated ribbons. Since each ribbon tethers about 110 vesicles, the terminals must tether in toto 4950 and dissociation of the retina for physiological experiments. 7150 vesicles, of which about 1000 and 1400 are probably docked.
The bipolar terminals were never observed to form conventional synapses. That is, vesicles were clustered at the bipolar cell membrane only in association with a ribbon. Nor did we observe "basal junctions" such as reported at cone terminals where there are postsynaptic densities without obvious presynaptic vesicle clusters. Sometimes synaptic vesicle sites were present at the surface of the bipolar membrane but without obvious clustering and without postsynaptic density. In contrast, numerous amacrine profiles formed conventional synapses onto the bipolar terminal. These were marked by well-defined presynaptic clusters of synaptic vesicles and postsynaptic densification of the bipolar membrane. Thus, the morphology suggests that ribbon synapses are the primary sites of exocytosis in the giant bipolar cell terminal.
Capacitance Measurements
To step depolarizations of variable duration, the capacitance response plateaus at about 150 fF (von Gersdorff and Matthews, 1994) . Taking 10 fF/m 2 as the specific capacitance of the vesicle membrane (Fettiplace et al., 1971; Breckenridge and Almers, 1987) , a single vesicle of 29 nm diameter has a capacitance of 26.4 aF. So a capacitance jump of 150 fF corresponds to exocytosis of about 5700 vesicles. This corresponds with the total number of vesicles tethered to the ribbons.
The smaller reconstructed terminal had 20 fewer synaptic ribbons than the larger terminal and thus 2200 fewer tethered vesicles, so its maximal capacitance jump should be smaller by ‫06ف‬ fF. This prediction is examined in Figure 5 , which plots for 40 terminals the evoked capacitance jump versus total resting capacitance. The latter is a convenient index of terminal size, correlating well with the measured diameter of the spherical isolated terminals. Despite some scatter, the data are described by a straight line with a slope of about 80 fF/pF (correlation coefficient ϭ 0.78). The two observed difference in capacitance jumps for terminals of different size is close to that expected from differthem (defined by the presence of a synaptic ribbon; ences in the number of synaptic ribbons and hence in Figure 4 ), the rate per active zone would be 510 the total population of tethered synaptic vesicles.
vesicles/s. That the difference in capacitance jump between small and large terminals matches the difference in their numbers of active zones further strengthens the Discussion result ( Figure 5 ). Our calculated rate is identical to that at the "dense body" synapse of the frog saccular hair Ribbon Synapses Achieve High Rates of Exocytosis cell (10,000 vesicles/s Ϭ 20 active zones ϭ 500 vesicles/s; Parsons et al., 1994) . In bipolar cell terminals, Assuming an average vesicle diameter of 29 nm (Figure  2 ; thus, 26.4 aF/vesicle) and a straight line fit to the plot of this high release rate declines sharply within 200 ms of continuous stimulation, as though some vesicle pool capacitance jump size versus duration of depolarization (slope ϭ 730 fF/s; von Gersdorff and Matthews, 1994) , has been exhausted, and we have shown that this pool corresponds in size to that tethered to the ribbons. Howthe release rate would be 28,000 vesicles/s. Assuming further that exocytosis is confined to active zones and ever, hair cells sustain the peak release rate for seconds with no sign of decrement, at least 10-fold longer than that an average giant bipolar terminal contains 55 of in bipolar cell terminals. The dense body tethers 5-fold at peak rates calculated to be about 40 quanta/active zone/s (Freed and Nelson, 1994; Kier et al., submitted). more vesicles than the bipolar ribbon, but this leaves a factor of at least two unexplained.
These rates now appear to be less than 10% of the peak rate that a ribbon synapse can achieve. This seems By comparison, a conventional active zone, stimulated for a comparable period (hundreds of millisecquite reasonable for the photoreceptor synapse, which operates in a voltage range below that required for maxionds), releases quanta at much lower rate. For instance, the retinal amacrine cell synapse and the hippocampal mal Ca 2ϩ current activation (Rieke and Schwartz, 1994 ) and possibly for OFF-type bipolar cells. Thus, certain bouton both release at about 20 quanta/active zone/s (Borges et al., 1995; Stevens and Tsujimoto, 1995) . Only ribbon synapses in cells that hyperpolarize to illumination seem designed for a comfortable safety margin. one of the apparently "docked" vesicles clustered at the presynaptic membrane at these synapses is thought However, the giant bipolar terminal responds in situ to a light pulse with a large, rapid depolarization (>20 to be functionally competent to fuse (Stevens and Wang, 1995) , so the sustained release rate of 20 quanta/s repremV in conventional intracellular recordings and lasting ‫002ف‬ ms; Saito and Kujiraoka, 1982) . This would activate sents the fusion rate at a single docking site. If we assume at a ribbon synapse that each of the approximately the Ca 2ϩ current as strongly as in our voltage-clamp experiments, suggesting that natural stimuli can dis-22 docking sites at the base of the ribbon is in fact a functional release site, then each site must produce 23 charge vesicles at near the peak rate. Apparently the ribbon, by providing an auxillary mechanism for rapid fusions/s to support the overall rate of 500/ribbon/s. This similarity in the rate per fusion site suggests that reloading, allows a single active zone to exploit the same range of "firing" as the spiking mechanism in a whole the basic mechanism underlying fusion and reloading is the same for both types of synapse. The ribbon synapse neuron (0-500/s). The characteristic rate could vary among different ribbon synapses, depending on the would then offer two advantages: greater compactness for high rates of information transfer (de Ruyter van specific combinations and locations of presynaptic ion channels (Jackson, 1995) . This could explain a big puzSteveninck and Laughlin, 1996) and a correspondingly larger pool ready for release.
zle of retinal circuitry: why a set of cones should feed one ganglion cell via three different types of bipolar cell (Cohen and Sterling, 1992) . Perhaps each bipolar type How Do Tethered Vesicles Become Docked?
releases transmitter quanta at a characteristic rate and A rate of 500 fusions/ribbon synapse/s allows 40 ms for duration, thus transmitting a particular segment of the each docking site to reload. This might occur by sliding temporal bandwidth of the cone. tethered vesicles down the ribbon via molecular motor or simple diffusion; either mechanism would be fast
Experimental Procedures
enough over the ‫05ف‬ nm distance (Rao-Mirotznik et al., submitted) . However, if the ribbon simply presses our measurements of vesicle diameter and no empirical basis to do Burns, M.E., and Augustine, G.J. (1995) . Synaptic structure and function: dynamic organization yields architectural precision. Cell 83, so, we have used the raw measurements in our calculations.
187-194.
Capacitance Measurements
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